Viscosity and solvent dependence of lowbarrier processes: Photoisomerization of cisstilbene in compressed liquid solvents J. Chem. Phys. 97, 4827 (1992) The photoisom~rization .of stilbene has been studied in low viscosity liquid alkanes and in the gas ph~e. The bamer cross1Og process shows no evidence of a low-friction or energy controlled regton e~en at the lowest liquid visc~siti~s studied. We present evidence that the barrier crossing may be 10 the energy controlled regton 10 the thermal vapor. We discuss the influence of intramolecular.vibrati~nal energ! transfe~ on the observed dynamics and note that entropy effects should be conSIdered 10 companng expenmental data with theoretical models.
I. INTRODUCTION
Photochemical isomerization provides a practical testing ground for theories of activated barrier crossing, an essential ingredient of descriptions of solution-phase chemical reactions. 2 -4 Of particular interest is the form of the solvent friction,S-7 and the role of intramolecular and intermolecular vibrational relaxation in determining the reaction rate.8-12 The content of theoretical approaches to barrier crossing has recently been reviewed in detail3.4,13 and here we wish to bring out only two general points, Firstly, the dependence of reaction rate on solvent friction can be considered to have two phases, At very low friction the rate of energy accumulation in the reaction coordinate may be rate limiting. If this is the case the reaction rate will increase with increasing friction (collision rate) until the frictional effects resulting from multiple barrier crossing and recrossing begin to dominate. Now the reaction rate "turns over" and begins to decrease with increasing friction, The low friction regime is sometimes referred to as energy controlled, while the high friction regime is called the diffusion controlled regime. The second point is, for typical potential surfaces, non-Markovian or frequency dependent effect may playa dominant role in determining the solvent friction. 13 ls The relevant time scale for determining the solvent friction is related to the curvature of the barrier maximum. Simply put, the motion of particles over sharp barriers will give rise to memory effects in the surrounding solvent molecules, whereas particles traveling over flat barriers will see the normal, zero frequency, solvent response. The majority of the theoretical studies have considered one-dimensional systems. However, when discussing experimental data on complex molecules it is important to consider the influence of the other degrees of freedom both on the dynamics and on the numerical values of the parameters extracted from the experiments. In this paper we discuss data relevant to both these topics. Before describing our new results we briefly discuss the experimental data obtained to date.
Time resolved spectroscopy has been used to study photochemical isomerization in stilbene,16 diphenyl butadiene, 17 DODCI. 18 Both stilbene and diphenyl butadiene have also been studied in supersonic jet expansions,19-22 and a alCamiJIe and Henry Dreyfus Teacher-Scholar. comparison between solution and isolated molecules presented for diphenyl butadiene. 23 Even at very low viscosity (0.039 cp for diphenyl butadiene 24 ) no sign of a turnover was observed in any of the above experiments. In all cases the rate of isomerization was still increasing with decreasing viscosity at the lowest viscosity reached. In contrast to these findings Jonas and co-workers,2s using a high pressure NMR technique, found that the rate of cyclohexane ring inversion first increases and then decreases slightly as solvent viscosity is increased. They interpret this behavior as showing qualitative agreement with the predictions of the stochastic models of barrier crossing. In a similar series of experiments, no turnover was observed for difluorocyclohexane. 26 Jonas and co-workers suggest that this may result from dielectric friction effects 27 for this polar "probe" molecule in polar solvents.
Time resolved techniques have also been used to study the excited state isomerization ofbinaphthyl. 28.29 Millar and Eisenthal 29 have suggested that the rate becomes energy controlled belowg;:0.5 cpo If so, energy flow into the reactive mode may be slower for this molecule.
In our previous study of diphenyl butadiene 24 we suggested that, for large molecules in solution, rapid energy flow from nonreactive to reactive modes will push the position of the turnover to much lower viscosities than expected on the basis of a one coordinate model. This idea has been taken up quantitatively by Zawadzki and Hynes 30 and by Nitzan, 31 who find that increasing the number of molecular degrees of freedom suppresses the influence of vibrational relaxation and shifts the turnover to extremely low friction values. In fact, in a thermalized molecule, if intramolecular vibrational relaxation is fast enough and provided that the thermal energy is large enough to surmount the barrier, the turnover may not exist. Of course the reaction can always be stopped by cooling the molecule sufficiently and maintaining it in collisionless conditions.
The form of the viscosity dependence observed in the photochemical isomerization falls into two classes. For stilbene in alkane solvents,16 diphenyl butadiene in alkanes, 17 DODCI in alcohols (both ground and excited state isomerit · 18) h . za Ion ,t e reactlOn rate falls off more slowly with viscosity than predicted from theories employing a frequency independent friction. The experimental results fit well to an empirical expression k = B Irt where 0 < a < 1. Several authors l8 ,32 suggested that frequency dependent friction is 216 S. H. Courtney and G. R. Fleming: Isomerization of stilbene in solvents responsible for this behavior. Bagchi and Oxtoby, 32 Nitzan and Carmeli, 33 and Zawadzki and Hynes 30 showed that qualitatively a frequency dependent friction could reproduce the experimental behavior. Rothenberger et al., 16 for the case of stilbene, attempted a quantitative calculation and concluded that although frequency dependent friction seemed able to describe the experimental results, the value of curvature of the potential barrier required for the fit was unphysically low.
The second type of behavior is shown by stiff stilbene in alkanes,16 stilbene in alcohols/ 4 and diphenyl butadiene in alcohols. 35 Here the barrier for isomerization is very small (O-1.S kcal/mol) and the rate of isomerization has a simple inverse viscosity dependence. Keery and Fleming 35 and Velsko et al. ls proposed that for low barriers the potential surface along the reaction coordinate is rather flat and in this case zero frequency friction is adequate. For stilbene and diphenyl butadiene, the lowering of the internal barrier on going from alkane to alcohol solvent is suggested to result from stabilization of the twisted configuration in polar solvents. 35 The planar form is unaffected by the polarity of the solvent and so the avoided crossing "point,,36,37 between lAg and IB" potential surfaces is lowered in the polar solvents. If the distance scale remains constant this should also reduce the curvature of the barrier!S
II. EXPERIMENTAL

A. Solution phase
Fluorescence lifetimes were measured by the time correlated single photon counting technique. 38 The excitation source was the second harmonic of a R6G synchronously mode locked/cavity dumped dye laser. The excitation wavelengths used were 300 and 313 nm. A Hamamatsu R164SU microchannel plate was used for detection giving instrument response functions of approximately ISO ps FWHM. The fluorescence was detected through a polarizer at the "magic" angle and acceptable fits were obtained to single exponential decays. Figure 1 shows the fluorescence decay of stilbene in liquid ethane. When using the microchannel plate decays as short as 20 ps are visibly different from the instrument response function. Our fluorescence decay time for stilbene in room temperature hexane (70 ± 8 psI is also in good agreement with literature values. 16, 39, 49 Sample temperatures were regulated by using a Neslab ULT-80 bath to circulate a water/methanol mixture through a stainless steel high pressure cell. The cell temperature was monitored with a calibrated thermocouple/digital thermometer combination. The estimated accuracy of the sample temperature was ± 1 ·C and the temperature range studied was 30 to -63 .c. To reach the lowest temperatures the refrigerant tubing was packed in dry ice. The cell block and detection optics were under nitrogen to prevent condensation.
Trans-stilbene (Kodak scintillation grade), ethane (Matheson), and propane (Phillips research grade) were used without purification. HPLC showed the stilbene purity to be greater than 99% and no dependence of the fluorescence spectrum on the excitation wavelength was observed. We used the cylinder pressures of ethane (SSO psi) and propane (120 PSI), The solvents can simply be flowed into the cell through high pressure tubing by inverting the cylinders. Viscosity values were obtained from Refs. 40-42.
B. Gas phase
Fluorescence lifetimes were also determined by single photon counting. LiI0 3 was used to produce the second harmonic of a Kiton Red mode locked dye laser. The laser fundamental wavelength was 620 nm with a bandwidth of -O.S nm FWHM, The sample cell and vacuum system were always rinsed with the buffer gas (Methane, Matheson) before the cell was brought to the desired pressure. We utilized a standard fused quartz curvette to a maximum pressure of 60 psig. The vacuum system obtained _10-5 Torr.
III. RESULTS
A. Solution phase
The isomerization rate of stilbene in liquid alkanes was obtained from the measured fluorescence lifetime via knr lIrF -k, and
where k ISO ' k IC ' and k ISC are the rates of isomerization, internal conversion, and intersystem crossing, respectively. Processes such as intersystem crossing should not compete significantly under these conditions 43 so k iso -k nr • We used the radiative rate (6x 10 8 S-I) of Sumitani et al. throughout. 44 In the free jet Syage et al. reported a radiative lifetime of2.7 ns (k, 3.7x 10 8 S-I) when exciting below the barrier. 19 The radiative rate should decrease on going to the gas phase by a factor of about 2 assuming a dependence on the square of the index of refraction of the solvent. The experimental ratio of 1.6 is in good accord with this prediction. As in our previous studies,17.18 we assume the functional form
for the barrier crossing rate. If the preexponential factor has no intrinsic temperature dependence and the barrier energy, Eo, changes only slightly from solvent to solvent we can extract the barrier height at constant viscosity. Figure 2 shows two such isoviscosity plots. Five two point plots gave 3.54, 3. 57,3.60,3.45, and 3.41 for an average of Eo = 3.5 ± 0.1 kcallmol. For comparison Fig. 2 also shows the normal Arrhenius plot for stilbene in liquid ethane. The scatter in the ethane points is large relative to the results shown in Fig. 3 for stilbene in liquid propane and hexane. The lower accuracy of the higher temperature (short lifetime) ethane points could account for the slight nonlinear character of the Arrhenius plot. Table I Table I for the parameters. in Figs. 2 and 3. Also listed is a fit to the decays with lifetimes greater than lOOps in liquid ethane. Figure 4 shows the viscosity dependence of F(77) for stilbene in liquid alkanes. Care was taken to preserve constant pressure conditions for the propane and ethane temperature studies. However, we also measured the isomerization rate at below the tank pressure in cold liquid ethane. The pressure change was less than 400 PSI so the viscosity change was slight. The expected decrease in fluorescence lifetime was greater than could be accouted for by the viscosity change. However, before considering possible influences of solvent density, it should be noted that a temperature increase ofless than 1 °C could account for this rate increase.
B. Gas phase
In contrast to the single exponential decays obtained in solution, nonexponential decays were observed for vapor phase stilbene when the pressure was sufficiently low that the stilbene molecules are isolated during the excited state lifetime. Nonexponential decay is expected for a thermal dis-10 .... for low excess energy (Ex < 100 cm-I ) we observe a short component of -400 ps and a longer component of -2 ns. Our results are in accord with those of Perry et al. I who found a 440 ps decay time for Ex = 200 cm -1, but because of the limited dynamic range in their study did not study the long time behavior of the signal (see Fig. 4 of Ref. 1). A more detailed analysis of these data will be presented in a future publication.
As buffer gas pressure is increased the fluorescence decay becomes more nearly single exponential. For pressure above 2 atm the decays are single exponential over two decades. The average fluorescence lifetime decreases with increasing pressure of methane buffer gas. At the highest pressure studied (5 atm) the fluorescence lifetime was 165 ps.
IV. DISCUSSION
A. Comparison with isolated molecules
To compare the viscosity dependent solution phase results with the vibrationally cold supersonic jet results 19 and with thermal gas phase results 1.45 we first consider the relevant time scales. The collision rate in solution can be approximated by the expression
wherep is the density, d the diameter, and 17 the viscosity.46
Even at the shortest solution phase fluorescence lifetimes studied we expected the vibrational population to be characterized by the temperature since on the average g;: 50 collisions will occur during the lifetime. Note that in the solution the fluorescence lifetime shows no dependence on the energy excess above the 0-0 band of the excited state. This is evidenced by the agreement for hexane lifetimes in this work (preformed at 300 nm) and measurements preformed with Aex = 265 nm/ 9 . 16 by the wavelength independence of the quantum yield,47 and by transient Raman spectra. 49 Apparently the excess energy is rapidly transferred to the solvent. If the vibrational population is assumed to be a Boltzmann distribution characterized by the temperature, the average vibrational energy content can be computed via
The harmonic approximation is used and the zero point energy is neglected. 48 Since static modification to the barrier height does not seem large for stilbene in alkanes (Eo = 3.3 kcallmol in the jet 9 vs 3.5 ± 0.1 kcallmol in alkanes), we directly compare the solution rates to the collisionless molecules at the appropriate vibrational energy. Using the frequencies ofWarshel,50 Fig. 5 shows the solution phase rates plotted with rates determined in a free jet. 19 A similar plot has been presented by Syage et al., 10 however, in that work only solution data in relatively high viscosity solvents were available. In Fig. 5 the temperature dependence in liquid ethane is shown along with room temperature points in higher alkanes. The solution phase rates are considerably larger than the free jet rates. This rate is smaller than the value determined in solution even without using any scaling such as Eq. (4). For example, the fluorescence lifetime obtained in propane at room temperature is 51 ps, and that in ethane at room temperature is too short to be accurately determined on our apparatus, probably about 35 ps.
Syage et al. 10 have interpreted the increased isomerization rate in solution vs the vapor phase in a diabatic representation. In the vapor phase, with 5 atm of methane buffer gas present, the lifetime is 165 ± 20 ps. Static modification of the barrier height seems unlikely since this value is very similar for alkane solutions and the free molecule, as does a large reduction in the velocity through the crossing region (increasing the adiabaticity). We therefore attribute the increase in vapor phase isomerization rates as a function of collision rate to the barrier crossing being in the energy controlled regime under these conditions. Figure 6 shows the isomerization rate calculated according to Eq. (1) using the appropriate radiative rates vs estimated values for the collision frequency in both solution phase and the gas phase at room temperature. At pressures above 2 atm the decays are nearly exponential and a rate is well defined. In the zero collision frequency thermal case, the fluorescence decays are markedly nonexponential. A discussion of the isomerization under these conditions is in preparation. 64 At lower pressures the decay was fit to a double exponential and the aver- room temperature at the excitation wavelength of 310 nm was 1.3 ns. For the gas phase collision rate the standard gas kinetic formula was used with cross section of 167 A? for stilbene-methane collisions. For solution collision rate equation (3) was used. Parameters such as the effective collision cross section of stilbene with the long chain alkanes makes the solution phase collision rates a crude estimate. N evertheless these points suggest that the Kramers turnover does exist for stilbene and probably occurs in a medium pressure gas. It will be fascinating to see at which collision rates the turnover occurs, and what the maximum value of the rate is. These discussions require further experiments and we now tum to a discussion of the dependence of the barrier crossing rate on solvent friction, and the relationship of the experimental parameters to the molecular potential surface.
B. Solvent friction and the intramolecular potential surface
Expressions for thermally activated barrier crossing can be written as a correction factor times the transition state rate, k TST :
here m B is the curvature of the barrier maximum, A. a frequency factor containing the solvent dynamics, and k TST is given by
kBT Qt k TST =----exp ( -EoIRT) h Q or at high temperature, m Qt kTST = 211' Q7ex p ( -EoIRT).
(6) (7)
The Kramers expression for barrier crossing has the form Here m and m B are frequencies corresponding to the curvature of the potential minimum and maximum along the reaction coordinate, Tv is the momentum correlation time, and Eo the barrier height. Q is the vibrational partition function evaluated at the equilibrium geometry, Q' and Q t the vibrational partition functions, with the reaction coordinate removed, evaluated at the eqUilibrium and transition state geometries, respectively. The correction factor in Eq. (8) becomes unity for zero friction giving the transition state rate [in the form of Eq. (7)] as an upper limit. Beginning with the classic paper of Kramers 52 numerous authors have pointed out that this limit cannot be correct, at least in the one-dimensional case, and at low enough friction a turnover toward lower rate must occur. At high friction the rate decreases toward zero. The hydrodynamic form of Eq. (8) is found by assuming Tv is inversely proportional to the solvent shear viscosity. 16 showed previously that for viscosities greater than 0.17 cp the dependence of k ISO on viscosity is not well described by expression (9). As shown in Fig. 4 , a fit including our low viscosity data with the higher viscosity data of Rothenberger et al. 16 does not improve the qualitative failure ofEq. (8). The curvature is not great enough to follow the data over the entire viscosity range. It should be noted that unaccounted for, viscosity independent, nonradiative processes will be most significant in the higher viscosity data. This would produce an apparent deviation from Eq. (9).51 In our previous study ofDPB 17 we accounted for a competing nonradiative pathway by subtracting a constant from our measured knr values. A factor of 2 underestimate in the viscosity independent rate would have a significant effect on the functional dependence of k ISO on 1] in this case. We examined this question closely for the ground state isomerization of DODCI where there are no competing processes and still found a fractional viscosity dependence. IS In the stilbene case, the isomerization rates are large and this problem is less severe. Figure 4 also shows the continuing increase in the isomerization rate as the viscosity is lowered. We did not gain access to the low friction regime of barrier crossing even at the viscosity of ethane at 2 ·C (~0.06 cpl. It is interesting that the "wrong" zero friction ofEq. (8) very probably gives a fairly accurate value of the rate at very low viscosities.
In our previous studies we found that the empirical relation
fit the data considerably better than Kramers' expression [Eq. (9)]. As shown in Fig. 4 this is also true in the case of stilbene. A fit to Eq. (10) yields B=3.5xI0 12 S-I and a =0.32.
The value of a can be taken as a measure of the deviation of the data from simple Smoluchowski limit behavior; the smaller the value of a the larger the deviation from expressions of the form of Eq. (9). Table II summarizes the available barrier crossing data for stilbene and DPB. In normal alkane solvents the deviation of both stilbene and DPB from Stokes-Einstein hydrodynamic behavior is apparent, with a = 0.32 and a = 0.66, respectively. Keery and Fleming 35 found the value of a to be near unity for DPB in normal alcohols indicating that for this case the high friction limit applies. Recently SundstrQm and Gillbro measured isomerization rates of stilbene in normal alcohols using the absorption recovery technique. 34
They find a low barrier height ( < I kcallmol) in these solvents paralleling the behavior ofDPB. This behavior can be rationalized if the polar solvents stabilize the twisted state and therefore lower the crossing point (barrier height 17). The magnitude of variations in the degree of stabilization within the alcohol solvent series is unknown for stilbene. Eisenthal and co-workers find that polarity induced barrier height changes influence the excited state isomerization of p-dimethylaminobenzonitrile in nitrile solutions. 62 We estimated the values in Table II for stilbene in alcohols by examining data from Refs. 34, 43, and 53 . These values suggest that the high friction regime is appropriate in alcohol solvents. It is worth noting however that a slight saturation effect is observed in the rotational reorientation times for DODeI in higher normal alcohols. 54 Thus care must be taken when using the solvent shear viscosity as the measure of the friction in these solvents.
When forces on the reaction coordinate relax on a time scale comparable to the velocity relaxation time of the relevant motion, Grote and Hynes 15 suggest that the friction should be considered time dependent. They find a self-consistent relation for the isomerization rate:
In applying Eq. (II) to the experimental results there seem to be two ways to proceed. One can either use a model of; (A ) and attempt to fit the data, or use an experimental value for lU B and extract the frequency dependent friction from the data. Bagchi and Oxtoby32 and Rothenberger et al. 16 have used the former method using experimental data on the viscoelastic response of solvents. Zawadzki and Hynes used an analytical expression for; (A ) based on molecular dynamics calculations on liquid argon. All three calculations find a dependence of rate on shear viscosity of the form ofEq. (10) . It thus appears that qualitatively frequency dependent friction can account for the data. In particular the decrease in the value of a with increasing preexponential (Table II) is in accord with the calculations. Quantitative comparison with experiment is hampered by our ignorance of the partition function ratios in Eq. (6). Following the usual procedure in studies of gas phase unimolecular reactions, the high presure (zero friction) frequency factor A 00 is written (12) where S t = S; -Sv is the change in vibrational entropy between reactant and transition states. The entropies are calculated via standard expressions. 55 Thus we need to know how the vibrations of the transition state differ from those of the reactant (equilibrium geometry) state, in order to connect experimental frequency factors with the curvature of the reaction coordinate. To give a concrete example, is the change in frequency factor observed for diphenyl butadiene between alkane and alcohol solvents due to a change in (J) B' a change in the structure of the transition state or a combination of the two? The calculations of Bagchi and Oxtoby32 and Rothenberger et al. 16 leave out the factor Q t /Q ' in k TST • This is equivalent to assuming that the (harmonic) vibrations do not change between reactant and transition states. This is clearly not the case in general and seems unlikely to be the case in stilbene. Quantum chemical calculations 56 . 57 suggest that the twisted configuration of stilbene resembles two benzyl radicals. It seems likely that the vibrations of the ethylene-like portion of the molecule are modified as it becomes more ethane-like. It is also possible that the vibrations of the phenyl portion change to some extent in the transition state. For purposes of illustration we used the frequencies listed by Warshel,50 and estimated frequencies in the transition state by assuming: (I) the percentage change in the ethylene-like frequencies in the twisted configuration was the same as the differences between ethylene and ethane,60 and the transition state occurred halfway between the planar and twisted configurations, (2) the phenyl frequencies were left unchanged, (3) the reactive frequency was assumed as 208 cm -I. Note that many modes have torsional character. 57 This leads to the following changes in frequency: 1566 -1454 cm -I, 1306 _ 1112 cm-I , 1396 _ 1253 cm-I, 847 _762 cm-I . At 273 K this leads to a decrease in the high pressure frequency factor by approximately a factor of 3 from the value obtained from Eq. (12) ignoring entropic effects. Of course the calculation is very sensitive to the changes assumed for the low frequency modes. One expects that frequencies associated with the phenyl torsions and bends will also be effected due to the change in conjugation. 9 We arbitrarily included three low frequency modes: 55 -+ 30 cm-I, 41-+ 25 cm -1, 88 -+ 60 cm -\ which increases the prefactor by a factor of 3. The purpose here is not to make detailed calculations, but to simply point out that the modest changes listed above can easily introduce an order of magnitUde uncertainty and make interpretation of the potential parameters obtained from barrier crossing models ambiguous. It is also well known in gas phase unimolecular reactions that the vibrational contribution to the entropy factor expressed by Eq. (12) may be very significant. 55 Changes in vibrational frequencies in the transition state are not the only source of entropy in isomerization processes. Robinson et a1.s8 have suggested that differences in volume between the trans and twisted configurations may make a significant contribution to the prefactor for the barrier crossing process. It is also possible that solvent induced changes in the low frequency modes may modify the preexponential factor.
In a strictly one-dimensional model, the data in Table II  (see also Table IV of Ref. 18) strongly suggest the importance of frequency dependent friction. However, the uncertainty in the relevant curvatures discussed above, and the influence of coupling of the reactive mode with nonreactive modes may complicate this interpretation. Agmon 61 has pointed out that ifthe barrier crossing rate depends explicitly on the motion of other coordinates, then a fractional dependence of rate on viscosity may arise. Carmeli and Nitzan 59 studied the influence offriction on the rate of barrier crossing for a model in which a reactive mode is coupled to a nonreactive mode. From their Fig. 1 it appears that the influence of friction on reaction rate decreases as the coupling between the modes increases. More extensive calculations to investigate the influence of reactive-nonreactive mode coupling on the friction dependence will be very valuable in particular to see if a fractional viscosity dependence can be obtained with zero frequency friction. Of course, even if frequent dependent friction is rejected as an explanation for the data, it will still be necessary for the new explanation to rationalize the experimentally observed correlation ofthe parameter a (Table  II) with the observed frequency factors and activation energies.
v. CONCLUSIONS
Both stilbene and diphenyl butadiene appear to be in the high friction regime of activated barrier crossing in all practically realizable liquid solutions. We have found evidence that the transition to the energy controlled barrier crossing regime occurs in the gas phase at moderate densities (-20-100 atm). We suggest that rapid intramolecular energy redistribution (IVR) and collisionally assisted IVR push the energy controlled region to much lower friction values than would be expected on the basis of one-dimensional models. Experiments are underway to characterize the turnover region in detail. We also suggest that entropy effects should be considered when attempting to obtain potential information from measured rates.
Note added in proof After completion of this manuscript we became aware of the discussion of Borkovec and Berne 6S on the influence of many degrees of freedom on barrier crossing dynamics. Very recently, Maneke et a1. observed pressure dependent spectral shifts of trans-stilbene in gaseous ethane. 66 These observations clearly complicate the interpretation of Fig. 6 if they indicate changes in the shape of the potential surface on which the isomerization occurs.
